Macrocheles seraphim sp. nov. is described from French and Moroccan populations. This species was found phoretic on three species of dung beetles: Scarabaeus laticollis, Geotrupes mutator and G. spiniger. It was identified on the basis of morphological characters as belonging to the M. glaber group, but also has similarities with M. muscaedomesticae. Its systematic position as investigated by genetic analyses using the ITS-1 marker showed that this species was closely related to M. muscaedomesticae. Its relationship with glaber group species is discussed.
Introduction
Coprophilous mites of the family Macrochelidae are often phoretic on dung beetles, notably Scarabaeidae and Geotrupidae (Costa, 1969; Krantz, 1983) , and to a lesser extent on coprophilous flies. Macrocheles Latreille 1829 is a widely distributed genus with both widespread species, e.g. Macrocheles glaber (Müller, 1860) and those with more restricted distributions, e.g. M. saceri Costa, 1967 (Hyatt & Emberson, 1988 Halliday, 2000; Niogret & Bertrand, 2005) . Species belonging to the M. glaber group are generalist mites carried by various unrelated hosts. Their identification at species level is complex, due to the variability of morphological characters commonly used in taxonomy. In the modern approach to systematics, genetic data can provide new criteria for identification to complement morphological information. A new macrochelid species from France and Morocco has been found on the body of the dung beetles Scarabaeus laticollis L. 1867, Geotrupes mutator Marsham, 1802 and G. spiniger (Marsham, 1802) . The new species is described using both morphological characters and genetic analysis of the Internal Transcribed Spacer 1 (ITS-1) of PCR amplified rDNA. This new species has been compared with three related species on the basis of these combined characters as the first step in the reconsideration of the genus Macrocheles.
Materials and methods
Specimens of Macrocheles seraphim sp. nov. were collected at three sites in France and Morocco on the bodies of various dung beetles: 10 individuals and the holotype came from Trucy l'Orgueilleux, France, 47°45'N, 3°41'E, clay soil, pastured meadow, continental climate, elevation 160 m, April 2006, on Geotrupes mutator; 5 individuals from St Martin de Londres, France, 43°46'N, 3°4'E, clay soil, scrubland, Mediterranean climate, elevation 250 m, May 2006, on Geotrupes spiniger; 2 individuals from Ifrane, Morocco, 30°N, 5°W, sandy soil, oak forest, sub-Mediterranean climate, elevation 1600 m, April 2004, on Scarabaeus laticollis. The beetles had been collected alive using standard pitfall traps (CSR model) baited with fresh cattle dung (Lobo et al., 1988) . Other species of mites used for comparisons were collected in France using the same method: (1) Macrocheles glaber (Müller, 1860) 
Laboratory breeding
Mites were reared individually in cylindrical plastic vials (height: 84 mm; ∅ = 54 mm) on a small piece of cattle manure renewed weekly. Live nematodes and a mixture of re-hydrated dry mosquitoes and fly larvae were provided as food. Cultures were kept at 20 ± 2°C and 75% relative humidity. Progeny provided individuals for morphological and genetic analyses.
Morphological description and measurements
Adult males and females and progeny were collected into 70% ethanol, cleared in hot lactic acid and dissected under an Olympus® SZH stereoscopic microscope. Specimens were mounted either on temporary or permanent slides using lactic acid or Hoyer's solution. Observations were made with a Leitz Dialux 20 EB microscope. A 480 Motic digital camera driven by Motic Image Plus software 2.0 was used for measurements (mean ± SD µm).
Molecular analyses

DNA extraction
Two to three brother/sister mites from the same culture were crushed together in 75 µl of extraction buffer (0.1M Tris, pH 8.0, 0.02M EDTA, 1.4M NaCl, 2% CTAB). The mixture was incubated at 65°C for 2h. Chloroform: isoamyl alcohol (24:1, 75 µl) was added, then the tube was centrifuged for 5 min at 6000 g. Cold isopropanol (75 µl) was mixed into the aqueous layer, then stored at -20°C for 20 min, then centrifuged at 16000 g for 15 min at 4°C. The isopropanol was carefully removed and the pellet was washed with 100µl cold 70% ethanol. The pellet was dried at 37°C then rehydrated in 20 µl dH 2 O.
PCR amplification
The amplification of the ITS-1 region was performed with 18S and 28S primers based on the sequence of mites of the family Phytoseiidae (Navajas et al., 1999) . PCR was performed in a 25 µl volume containing about 5 ng of mite DNA. The reaction mixture comprised 0.2 mM dNTP, 1 µM of each primer, 0.04 unit of Red Goldstar Taq polymerase (Eurogentec®), 1 mM MgCl 2 , and 2.5 µl of 10 X reaction buffer. Amplifications were performed in a PTC-100 thermal cycler (MJ research) with the following program: 94°C for 2 min, followed by 35 cycles of 92°C for 60 seconds, 57°C for 35 seconds and 72°C for 90 seconds. Additional 7 min at 72°C allowed for last strand elongation. Negative and positive controls were run simultaneously.
Sequence data
Sequencing of the double stranded PCR product was performed with an ABIPRISM® 310. Sequence fluorograms were examined and corrected in Chromas® version 1.45 (Griffith University, Brisbane, Australia). These genome regions were aligned using progressive multiple-sequence alignment: ClustalX® version 1.81 software (Thompson et al., 1997) . All sequences were recorded in GenBank (Table 1) . 
Genetic analysis
The ITS-1 sequence was used in this study, as it is one of the best markers for showing intra-and interspecific variability (Wesson et al., 1993; Gandolfi et al., 2001) .
Distance measures
Modeltest 3.7 (Posada & Crandall, 1998 ) was used to choose the best substitution model for our data. Modeltest used the likelihood ratio test and the AIC (Akaike Information Criterion) to investigate 56 different models. Distances were measured under the model that fitted our data best with PAUP*4b10 (Swofford, 1998) .
Phylogenetic analysis
Phylogenetic relationships between species were tested by parsimony analysis, using the Branch and Bound and Neighbour-Joining (NJ) methods with the program PAUP*4b10 for the Windows operating system. The Parsimony-Branch and Bound analysis was done without character weighting, substitution models being unavailable, and gaps treated as missing characters. For this analysis, a reference tree was obtained by the heuristic method and its length L was compared to other trees constructed during the analysis. The reference tree was compared with the new tree and the shortest was retained and became the new reference. Then, another phylogenetic tree was constructed using NJ with the model selected by Modeltest (K81+uf model). Robustness of branches was examined by bootstrap analysis which was performed for both methods, with 2000 replications to achieve strong significance. Values above 50% were considered acceptable, and above 95% as very consistent. Female. Yellowish-brown species, medium size. Dorsal shield (figure 1): similar in shape to M. glaber, longer than wide with distinct ornamentation, length 805.6 ± 6.5 µm, width 439.7 ± 6.9 µm between setae r3 (n = 10 individuals), clearly demarcated by the procurved line, reticular pattern underlined by punctures around the margins of rather large but irregular pentagonal or hexagonal cells, with irregular separation lines. Shield with 28 pairs of setae, with j1 directed forward, pilose in the distal half (figure 3a), z1 smooth, reduced in length, z6 longer than j6. Except for the short and bi-serrate setae J5, the median setae are simple (j5, j6, z5, z6, J2) , others are distally irregular (i.e. j2, s5, Z1, Z2) (figure 3b) or pilose (i.e. s2, r2, S5, Z4, Z5,) (figure 3a) and distally pilose (i.e. j3, j4, z2, z4, s4, s6, r4 , S1, S2, S4) (figure 3c).
Description of Macrocheles seraphim
Ventral shields (figure 2): Tritosternum and peritremes normal for genus. Sternal shield rather large (length 189.5 ± 2.4 µm, width at level of coxae II: 156.2 ± 3.1 µm) (n = 8 individuals) with the usual 3 pairs of smooth setae and 2 pairs of pores. Median transverse line procurved, discrete and marked by a row of small punctures, the two oblique anterior lines joined anterioly, angular and arched lines partially hidden in the anterior half by the reticular ornamentation; punctuate zone anterior to coxae II extending from oblique anterior line. Posterior part of sternal shield with irregular punctate pattern, mostly large medially, extended backward behind the midlevel of coxae III. Metasternal plates close to the sternal shield, not extended behind the posterior edge of coxae III. Epigynial shield with a pair of long setae, broader than long (110-112 µm long, 145-166 µm maximum width). Epigynial shield with sclerotization attenuated anteriorly, sclerotized lines forming arched pattern, marked by punctures, and a median zone with sub-polygonal pattern (figure 2). Ventri-anal shield as wide as long (ca. 260 µm long), with 6 main transverse procurved lines, longitudinal ornamentation masked, with the polygons marked by punctures and arranged as irregularly defined overlapping tiles, with 3 pairs of pre-anal setae and three para-anal setae; cribrum present. Metapodal sclerites elongate. The postcoxal pore is visible, included in the podal shield.
Gnathosoma: similar to that of M. glaber group species. Chelicerae robust (figure 4). Fixed digit with well developed median tooth pyramidal in shape and a terminal hook, pilus dentilis straight, movable digit with four teeth. Hypostomal groove with five transverse rows of denticles. Arthrodial brush reaching the median level of movable digit. Palpi as in M. glaber group species. Epistome (figure 10) glaber-like in shape with smooth lateral lobes, central branch pilose.
Sacculus foeminus (figure 5): sacculus wide, elongate (45 µm width), tubuli opening into spherical lateral vesicles that join a thickened median section which feeds into the sperm duct, corniculi long (ca 50 µm).
Legs: chaetotaxy normal for genus, setae simple or lightly pilose distally, except for the tibial posteroventral and distal basitarsal setae on leg IV, and a ventral seta on genu I. Tarsal setae thin and long.
Male. Dorsal shield (figure 6): elongate (485 µm long, 285 µm wide) with rough ornamental pattern, reticulation weakened laterally, irregularly sclerotized laterally, with 28 pairs of setae, j1 long and smooth, distally close together; r2, z4, Z5 and J5 pilose.
Ventral shields: sterno-genital, ventri-anal, endopodal, metapodal and metasternal shields all fused into a holoventral shield; sterno-genital shield with 5 pairs of setae and 3 pairs of pores; length of the shield 395 µm, width at level of coxae II: 90 µm (n = 1). Ventri-anal shield longer than wide, with 3 pairs of pre-anal setae, a pair of para-anal setae and a post-anal seta, all setae simple. Surface ornamentation lacking, only weakly punctuate, stronger at lateral margins. Cribrum present, bordering posterior end of shield. Metapodal sclerites long, with characteristic shape. Pore visible on podal sclerite behind coxa IV.
Gnathosoma well sclerotized. Epistome as in female, M. glaber-like. Chelicerae (figure 7) with robust digits, weakly dentate, pilus dentilis straight; dorsal seta conspicuous; movable digit with three small teeth, arthrodial brush reaching only 1/3 length of the movable digit; spermatodactyl with large basal bulb and distally blunt, elbowed in the proximal third, strongly recurved backward, distally attenuated.
Legs: tarsus I without ambulacrum and claw; tarsi II-IV with developed ambulacra and claws; legs with a large spur on femur II bearing strong simple anterior seta, genu II with setigerous tubercle. Femur IV with a double spur bearing a pilose seta and a small, non setose tubercle. Dorsal and ventral setae pilose or simple (figures 8-9).
FIGURES 1-7. Macrocheles seraphim sp. nov.: 1. female, dorsal shield; 2. female, ventral view; 3a. female, detail of pilose dorsal setae. 3b. female, detail of distally pilose dorsal setae. 3c. female, detail of distally irregular dorsal setae. 4. female, distal end of chelicera. 5. female, sacculus foeminus. 6. male, dorsal shield. 7. male, chelicera and spermatodactyl.
Protonymph (figures 11 & 13). Length of idiosoma: 413 µm; width at level of r3: 207 µm (n = 1). Anterior shield with distally pilose setae z4, j6, s5, j4, other setae simple. Opisthonotal shield reduced, weakly delimited and with distally pilose setae S4, S5, Z4; concave posterior part of the shield delimited anteriorly by a curved line posterior to insertions of J4. Sterno-ventral shield rather soft, poorly sclerotized, with three pairs of setae and two pairs of pores. Anal shield distinct, with opisthogastric setae. Gnathosoma similar to deutonymph, but less developed. Palpal setation deficient, with a crown of only eight terminal setae, but the larger sensory setae of later stages, i.e. one large, hollow and curved, and the bent and hollow seta, are present. Tritosternal base short, with relatively long laciniae, epistome similar to the adult. Genu I with 6 setae.
Deutonymph (figure 12). Length of idiosoma: 546.5 ± 16.3 µm; width at level of setae r3: 283 ± 8.5 µm (n = 2). Dorsal shield with 28 pairs of setae, weakly ornamented and incompletely fused, with opisthonotal portion marked posteriorly by depressed zone, punctate, delimited anteriorly by an arched line that isolates setae J5. Dorsal setae pilose (i.e. j1, j4, z4, r3, Z3, Z4 S4, S5) , J5 short and serrate, other dorsal setae smooth; vertical setae j1 widely separated. Tritosternum well developed, with a pair of pilose laciniae. Sterno-ventral shield with 4 pairs of simple setae and 3 pairs of pores. Four pairs of simple setae located between sterno-ventral and anal shields; anal shield longer than wide; with a pair of simple para-anal setae and a shorter post-anal seta.
Etymology. M. seraphim is dedicated to Mr Seraphin Dhotel. Seraphim (Latin etym., from Hebrew) are Biblical creatures similar to angels but they are able to hide and to conceal their presence (Dead Sea Scrolls, "Michael's words" (4Q529)).
FIGURES 8-13. Macrocheles seraphim sp. nov.: 8. male, leg IV, proximal articles; 9. male, Leg II, femur and genu; 10. female, epistome. 11. Protonymph, dorsal view; 12. Deutonymph, dorsal view. 13. Protonymph, chelicera, distal end.
Genetic analyses
ITS-1 sequence
To find the limits of the ITS-1 region, we compared our sequences with those found on GenBank. Due to the high number of gaps in ITS-1, the length range is 271 bp to 310 bp. Our data were A+T-rich (mean 65%), except for Coleolaelaps agrestis (51%), taken as an outgroup. The high number of nucleotides in the M. glaber sequence was due to 5 regions where insertions/deletions were concentrated. No variable sites were found among the M. seraphim individuals from 3 origins or within the M. robustulus and the M. muscaedomesticae from the same origin but different dates; but 6 nucleotides differed for the M. glaber from different origins. The M. seraphim sequence differed from M. robustulus and M. muscadomesticae sequences by 18 and 15 nucleotides respectively. M. robustulus and M. muscaedomesticae differed by 26 bps and one another M. glaber differed from the 3 others Macrocheles species by 44 to 64 bps.
Model choice
After 56 substitution models were investigated, Modeltest recommended a K81+uf model, which is a two transversion parameters model (Kimura, 1981) with unequal base frequencies. This model is equivalent to Kimura-3-parameters (K3P), including 3 substitution types plus different base frequencies. To consider base frequencies, an empirical calculation is included in the PAUP analysis. Invariables sites ( I ) and gamma rate parameter ( Γ ) were not included in the analysis. This model was used for distance measures and NeighbourJoining Tree reconstruction, not for parsimony analysis.
Intra and interspecific distances
Macrocheles seraphim sp. nov, M. muscaedomesticae and M. robustulus did not show intraspecific variation, but M. glaber presented variability among individuals (Table 2 ). Intraspecific distance in M. glaber was about 3 times less than the smallest interspecific distance found between M. seraphim and M. muscaedomesticae (Table 3) . Interspecific distances ranged from 0.0582 to 0.2403. Macrocheles glaber was the most remote from the 3 other congeneric species tested. TABLE 2. Intraspecific distance using ITS-1 sequence (PAUP*4b10).
TABLE 3.
Interspecies distances using ITS-1 sequence (PAUP*4b10).
Phylogenetic relationships
The ITS-1 analysis yielded a single parsimonious tree (length = 193; CI = 0.97; RI = 0.93) with 58 parsimony informative characters. Neighbour-Joining and Parsimony trees showed the same topology, the conspecific individuals clustered together without branch length, except M. glaber. Parsimony bootstrap values for each node were more than 97. The same result was provided by NJ analysis. ( figure 14A, B) . The closest related species to M. seraphim was M. muscaedomesticae, and this clad was clearly connected with M. robustulus to a lesser extent. By this analysis, M. glaber was isolated. 
Discussion
In southern France M. seraphim sp. nov. is sympatric with about 15 other macrochelid species, and the females can be confused with the common species M. muscaedomesticae and with M. scutatus (glaber group).
The glaber group consists of species which share a procurved line on the dorsal shield, a well defined linea media transversa, and dorsal shield setae j1, j4 and z4 distally pilose (Filipponi & Pegazzano, 1962) . In this group, which was revised by Walter & Krantz (1986) , the scutatus subgroup was defined on the base of a weakened sclerotization (Walter & Krantz, 1992) . Macrocheles seraphim sp. nov. combines characters of both this group and subgroup, with the procurved line well developed, the epistome tripartite, the chelicerae bearing a simple dorsal seta on the fixed digit and a bidentate tooth on the movable digit, a linea angulata of the same form as throughout the group, a sacculus foeminus glaber-like, and a weakened sclerotization. Macrocheles seraphim sp. nov. could be confused with some species of the scutatus subgroup, with a sternal shield ornamentation close to that of M. scutatus, but it differs by characteristics of dorsal setae (only j1, j4, z4 and J5 are pilose in M. scutatus) .
On the other hand, Halliday (1990) described the Australian species of the muscaedomesticae group on the base of a strongly sclerotized idiosomal shield and an ornamentation pattern of the female on the sternal shield: a transverse line joining the bases of the second pair of sternal setae, a pair of lines passing through the first sternal pores and running obliquely back towards the center of the shield. This group included some species which differed ecologically and morphologically. Macrocheles seraphim sp. nov. presents quite similar dorsal shields compared with M. muscaedomesticae, but can be differenciated by the distinct ornamentation of the sternal shields. The dorsal pilosity of M. muscaedomesticae is characteristic, with lateral setae distally pilose (in their distal third) and smooth median setae (z1, j5, j6, z5, z6 and J2) (Evans & Browning, 1956 ). The dorsal shield of M. seraphim differs by the variety of lateral setae, with a combination of distally irregular setae (setae extremity bevelled = j2, s5, Z1 and Z2), setae pilose on their half length = s2, r2, S5, Z4 and Z5, and others being distally pilose. However, the dorsal shield of M. seraphim is divided by a well marked procurved line, whereas the dorsal shield of M. muscaedomesticae is entire. In M. muscaedomesticae, the sternal shield is well sclerotized, with reticulation: the lineae oblique posteriores are not fused anteriorly, and they form a recurved line crossed by the lineae angulatae. The areae punctatae posteriores are clearly visible, with the polygonal pattern well marked, and with large alveolar punctures. Macrocheles seraphim individuals have a fused arched lineae oblique anteriores that does not reach the lineae angulatae. The areae punctatae posteriores only include a few alveolar punctures, and the geometrical shapes are invisible. Krantz and Filipponi (1964) described M. similis, which was also morphologically related to M. muscaedomesticae and classified in the muscaedomesticae group (Halliday, 1990) . The M. similis sternal shield is very similar to that of M. seraphim, but these species have very different dorsal setae, with M. similis setae j2, j3, z2, s2, r3, s4, r4, s6, S1, S2 smooth (Krantz & Filipponi, 1964) but distally pilose in M. seraphim sp. nov.
Therefore, the combination of these morphological characters makes it difficult to classify M. seraphim because this species has morphological criteria of both the glaber and muscaedomesticae groups.
Genetically, no intraspecific difference was found within M. seraphim, M. muscaedomesticae or M. robustulus in their ITS-1 sequences. Navajas et al. (1999) and Gandolfi et al. (2001) found similar results in some Phytoseiidae (Acari: Mesostigmata) and in Darwinulidae (Crustacea: Ostracoda). Among other Mesostigmatic mites (Phytoseiidae), the estimation of intraspecific distance ranged between 0.03 and 0.07 (Tixier et al., 2006) . The widely distributed species M. glaber presented a genetic polymorphism which was consistent with the variability of morphological characters of this species (Filipponi & Pegazzano, 1962) . The sequence divergence in M. glaber might be relevant with a high reproductive rate which generally involves high substitution rates (Martin & Palumbi, 1993) . The estimated distance between M. seraphim and M. muscaedomesticae was enough to consider them as fully-fledged species, and the same is true with M. robustulus, an easily recognizable species. Parsimony and NJ analysis clustered together M. seraphim, M. robustulus and M. muscaedomesticae, with shorter branches lengths for the NJ tree, if compared with M. glaber. The two most related species in the phylogenetic trees were M. seraphim and M. muscaedomesticae, and this result is in accordance with the morphological analysis.
From an ecological point of view, M. seraphim was collected on the body of several dung beetles (Scarabaeus laticollis, Geotrupes mutator and G. spiniger), both in northern Morocco and in south and central France. On the other hand, M. muscaedomesticae was predominantly phoretic on flies (Musca sp., Stomoxys sp.) (Krauss, 1970; Halliday, 1990) . The roller beetle S. laticollis was generally considered as a poorly attractive host for macrochelid mites (Niogret et al., 2004) , contrary to the tunneller beetles Geotrupes mutator and G. spiniger. Macrocheles seraphim can be considered as an opportunistic phoretic mite which exploits several hosts from different guilds. Opportunistic mites are generally characterized by a short developmental time from egg to adult, e.g. 5 days for M. perglaber (Halliday & Holm, 1985) . Macrocheles seraphim developed from egg to adult in 4-6 days at 20°C and 75%RH. This shortened development time can be considered as an adaptation to ephemeral habitats (dung pats), with and the obligation for fertilized females of the new generation to find their hosts before they leave the pat.
Our work combined morphological and genetic characters to describe a new species and to find its taxonomic position among previously described species. These results showed that morphological characters are sometimes inconspicuous, and in the future some of them will have to be weighted and reconsidered in light of genetic analysis. For example, the procurved line of the dorsal shield exhibited both by species of the glaber group and by M. seraphim could be either a convergence or an inheritance from a common ancestor, with losses in the more recent species M. robustulus and M. muscaedomesticae. Considering this hypothesis, the presence of this procurved line might be of less importance to place the species in the glaber group.
